Abstract-Dynamic wireless power transfer (DWPT) has been proposed as a solution to power electric vehicles (EVs) on future electrified highways. However, there has been little consideration of how the coordination of electric connected and automated vehicles (CAVs) could impact DWPT system designs in future scenarios. In this paper, a DWPT system design is optimized for a future highway where CAVs travel in coordinated groups, with each CAV in the group powered by the same DWPT section. As the distribution of smaller light-duty vehicles (LDVs) and larger heavy-duty vehicles (HDVs) in each group is varied, the DWPT system power level, transmitter length, and the equivalent receiver loads are adjusted to minimize the infrastructure requirements and energy losses of the DWPT system. The outputs from this analysis are used to determine the optimal groupings of vehicles for a given DWPT system. The analysis suggests that CAV coordination could aid the deployment of DWPT systems and reduce the overall infrastructure and energy losses of DWPT systems.
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I. INTRODUCTION
Electric vehicles (EVs) have a great potential to increase the flexibility of how transportation is fueled. This is important as over 90% of the energy used for transportation in the United States is from petroleum products [1] . However, range anxiety, high battery costs, and long charging times have hindered the adoption of EVs although improvements are being made as the technology matures [2] . In addition to EVs, interest in developing connected and automated vehicles (CAVs) is increasing [3] . These vehicles are expected to revolutionize ground transportation. Without the need for drivers, the norms for passenger and freight travel will likely change in both urban and highway settings. For example, on highways the average travel distance, trip time, speed, and following distance may all vary for both passenger and freight carrying CAVs [3] . Passengers may be more willing to ride for longer This manuscript has been authored by the Oak Ridge National Laboratory operated by the UT-Battelle, LLC under Contract No. DE-AC05-00OR22725 with the U.S. Department of Energy. The United States Government and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others to do so, for United States Government purposes. The Department of Energy will provide public access to these results of federally sponsored research in accordance with the DOE Public Access Plan (http://energy.gov/downloads/doe-public-access-plan). distances if they are able to sleep, work, or be entertained while traveling. Likewise, freight-carrying vehicles may not be limited by driver hours-of-service restrictions, allowing them to be on highways for longer periods of time. All these changes are expected to result in large increases to the capacities of the highways, the reduction of congestion and accidents, and the long-distance mobility of people and goods [3] .
Dynamic wireless power transfer (DWPT) systems may further enable electric CAVs to operate on the future highways by transferring energy to them in motion. DWPT systems could potentially enable charge-sustaining operation and eliminate the need to stop for stationary charging, reducing the size and cost of the onboard electric energy storage in the CAVs and the overall travel time. To increase the utilization of the DWPT infrastructure, the DWPT system may ultimately be designed to be interoperable with different types of vehicles. This would allow both light-duty vehicles (LDVs) and heavy-duty vehicles (HDVs) to operate in charge sustaining mode over the same DWPT system as in [4] . However, the behavior and control of future CAVs in automated highways must also be considered. For example, CAVs may platoon and intentionally follow one another closely in groups to reduce energy consumption by aerodynamic drag. This can be especially useful in long distance travel. As stated in [3] , groups of HDVs traveling 4 m apart could reduce the energy consumption of each by 10-15%.
If implemented in the future, platooning could positively impact how DWPT systems are designed. It has been shown that multiple loads or vehicles can increase the effective coupling and the overall efficiency of longer DWPT transmitters [5] , [6] . This requires the system to operate near optimal loading [7] . The loads can be adjusted away from optimal loading depending upon the power level requested by each vehicle or the overall maximum allowable power rating of the system [8] . Some work on the effect of following distance and speed on the optimal DWPT transmitter length has been performed [5] , but did not consider interoperability with HDVs, platooning, or the infrastructure requirements of the DWPT system. In this paper, the design of a DWPT system is optimized for different groups of LDVs and HDVs to explore the effect of grouping on the system design of DWPT. An illustration of the operation of this sort of DWPT system can be seen in Fig. 1 . The framework developed here is applicable to DWPT systems where longer sections of coil-based or trackbased transmitters are energized by one or more inverters per section to power multiple CAVs at a time. With this approach, this work highlights the synergy possible between the long-distance travel of electric CAVs, platooning, and DWPT systems.
II. METHODOLOGY

A. Vehicle Modeling
To begin the development of the DWPT system design, the average power consumption of CAVs at constant speed is found as in [4] using (1) with the rolling friction coefficient µ r = 0.0065, equivalent driveline efficiency η eq = 85%, and air density ρ = 1.225 kg/m 3 .
The resultant power use, P LDV (v) and P HDV (v), of a lightduty vehicle (LDV) and a heavy-duty vehicle (HDV) at a constant speed v are given in Fig. 2 . The lengths l, masses M , drag form factors C d A,and auxilliary power P aux of the two vehicles are shown in Table I . The difference between the LDV and HDV power use increases at higher speeds due to the large aerodynamic drag and vehicle mass of the HDV.
B. Modeling of Inductive Power Transfer
Inductive power transfer is used to transmit power from DWPT transmitters to receivers mounted on the underside of the CAVs. Due to the airgap between the transmitters and receivers, the inductive links are loosely-coupled and the coupling coefficient,
, is significantly less than one, where the couplers in the inductive link are designated by number i where i = 0 designates the roadside DWPT transmitter and i = 1,2,. . . are the receivers. In this work, multiple CAVs are powered from the same DWPT transmitter. The equivalent receiver loads R Li are varied to regulate the power flow between the roadside DWPT transmitter and the vehicle receivers [8] . Conduction losses are calculated for the DWPT transmitter and receivers from the parasitic resistances R i = (2l i + 2W i )N i ρ where ρ is the equivalent DC resistance of the Litz cable per length. For the DWPT transmitter and receivers, 4/0 Litz wire cable is assumed with ρ = 0.056 Ω/1000 ft [9] . Skin effect losses and bundling effects are neglected as the cable is made from braided 38 AWG wire. With an operating frequency of 85 kHz, the strand diameter of 38 AWG wire will be less than one-half the skin depth, virtually eliminating that component of the AC resistance [10] . Modeling the proximity effect and compensation network losses of the DWPT system is left as future work.
Through the mutual coupling of the inductors M i , each load resistance R Li is reflected to the DWPT transmitter. Due to the following distance between the vehicles, the cross coupling between the receivers M 1,i is assumed to be zero [11] . At resonance, this provides the following relationship for the input voltage V 0 and current I 0 [8] .
From this relationship, the transmitter input power P 0 and the receiver output powers P i are written as a function of the input voltage V 0 , the input current I 0 , parasitic resistances R i , and loads of the system.
The mutual inductance between the DWPT transmitter and receivers with salient features can change significantly by position. Because of this, each M i is calculated as the RMS value of the mutual inductance between the DWPT transmitter and each receiver over the span of position by an analytical expression as in [4] .
C. Optimization Formulation
The system is designed with the optimization shown below. The variables x are the system power level P sys , the DWPT transmitter length l sys , the system coverage β road , and the value of the equivalent receiver loads, R L,LDV and R L,HDV . The optimization is then performed for many possible numbers of LDVs n LDV and HDVs n HDV .
This formulation seeks to minimize the infrastructure and energy requirements of the DWPT system on a per-mile basis as a function of the required number and power rating of inverters, road construction, the Litz wire, and energy losses over a 5-year lifetime of the system given the average annual daily traffic (AADT) and velocity. A five-year project lifetime is a typical time horizon for project and business planning. In the formulation constraints (5), the first constraint represents charge-sustaining mode of operation for the LDVs and the second requires the system to provide enough power to the HDV for range extension. The third constraint is the capability of the inverter to provide the necessary input power to the DWPT transmitter, and the fourth sizes the DWPT transmitter length to be twice as long as the sum of the lengths of the vehicles in the group. The objective functions M inv , M road , M Litz , and M E in (6) represent the number and power rating of inverters, road construction, Litz wire usage, and energy loss requirements of the system respectively. Different fixed weights have been included within each objective function to normalize each objective. In Table II , two different scenarios are considered by two variable bounds. In the near-term scenario, the power rating of the inverter is limited to 200 kW and the length of the (f) Fig. 3 . Optimization output for the short-term and long-term cases at 55 and 70 mph. In (a), the infrastructure and energy requirements for 55 mph is given. In (b) and (c) the length of each DWPT transmitter and coverage are shown in each respectively for the 55 mph case. In (d)-(f) the aforementioned plots are repeated at 70 mph. At both 55 mph and 70 mph, the outputs for the power rating of the DWPT system are 200 kW for the near-term case and 2 MW for the long-term cases. These optimization outputs are generated using the variable bounds and parameters shown in Table II. DWPT transmitter is constrained to 100 m. The near-term system represents a currently achievable design based on past work [16] , [17] . The long-term scenario illustrates what would be possible with higher power ratings and charging limits, and longer DWPT transmitter lengths. In this long-term case, the transmitter length is limited to 350 m to limit the length to onetenth of a wavelength to prevent radiative effects. There are several practical considerations in the design of such a system such as the bending radius of large cables and the design of high-voltage, higher-frequency inverters. In the parameters given within Table II , the equivalent number of turns of the DWPT transmitter is set as N t = 1 with 4/0 Litz wire cable. This represents the number of turns with the least use of Litz wire cable. Likewise, the number of turns of the LDV receivers N LDV = 4 and the HDV receivers N HDV = 4 are set with 4/0 cable. The number of LDVs n LDV and HDVs n HDV on each transmitter at a time is iterated to study the impact of CAV grouping on system design. In practice, the groupings will be determined by traffic engineers with statistics of the vehicles per lane per hour on a stretch of highway and the allowable spacing between CAVs. This depends on the future traffic behavior and coordination of CAVs. The speed of travel v is fixed at 55 mph (88 kph) and 70 mph (112 kph), which represent the speed limit of typical state highways and interstates respectively. The average annual daily traffic is set to 150,000 to represent a baseline highway scenario.
III. RESULTS
In Fig. 3a-3c , the optimization outputs for 55 mph are given. In Fig. 3a , the sum of the energy and infrastructure requirements for each group of vehicles is plotted as a function of different numbers of LDVs and HDVs. Alongside this, the DWPT transmitter length, and the system coverage are displayed in Fig. 3b and 3c respectively. Likewise, the results for 70 mph are shown in Fig. 3d-3f . In the near-term case for these two speeds, the system can only support up to 1 HDV and 7 LDVs at a time in the 55 mph case and 1 HDV and 3 LDVs at a time in the 70 mph case due to the limitation of the 200 kW inverter power rating. Past these points, the coverage in Fig. 3c and 3f both exceed 100%. In both cases, the output from the optimization are at the upper bounds of the power rating: 200 kW for the near cases and 2 MW for the long term cases.
Several observations can be made from these outputs. In Fig. 3a and 3d , the number of LDVs and HDVs on the DWPT transmitter affects the overall infrastructure and energy requirements of the DWPT system. For the the bounds and weights used in this work, the optimal group for the long term cases in Fig. 3a and 3d is 1 HDV and 4 LDVs at both 55 mph and 70 mph in terms of the overall energy and infrastructure requirements. This suggests that grouping LDVs and HDVs together can help minimize the infrastructure and energy loss requirements of the system by decreasing the energy losses over the operating lifetime of the DWPT system. The limitation of system power level and DWPT transmitter length also affects the output of the optimization. In the optimal group for the long-term scenario of 1 HDV and 4 LDVs in Fig. 3b and 3e , the vehicles would only cover 35 m of the approximately 350 m transmitter. The optimum of the infrastructure and energy requirements for the long-term case also occurs where the system length begins to be limited.
IV. CONCLUSIONS
This paper summarizes an optimization framework to design future DWPT systems by coordinating electric CAVs to travel in groups on future highways, which has not been considered in previous literature. The work considers both a near-term and long-term case by changing the feasible limits of the optimization variables to explore their impact on DWPT system design. From the output of the optimization, pathways to higher power levels and longer transmitter for DWPT may be needed to increase the feasibility of DWPT systems in future electrified roadways. Furthermore, there is synergy between the future coordination of CAVs and DWPT technology which is of great importance to future planners. For future work, economic, magnetics, and loss modeling can be integrated into this framework to better predict the energy losses of DWPT systems and the economics of installing infrastructure. A temporal analysis of the headway between the groups and the grid impact of these systems is also recommended.
